An x-ray velocimetry technique is described which provides three components of velocity measurement in three dimensional space. Current x-ray velocimetry techniques, which use particle images taken at a single projection angle, are limited to two components of velocity measurement, and are unable to measure in three dimensions without a priori knowledge of the flow field. The proposed method uses multiple projection angles to overcome these limitations. The technique uses a least-squares iterative scheme to tomographically reconstruct the three-dimensional velocity field directly from two-dimensional image pair cross-correlations, without the need to reconstruct three-dimensional particle images. Synchrotron experiments demonstrate the effectiveness of the technique for blood flow measurement in opaque vessels, with applications for the diagnosis and treatment of cardiovascular disease.
The ability to measure three-dimensional ͑3D͒ blood flow fields in vivo is an important capability for studying the effects of blood flow properties on the development, diagnosis, and treatment of cardiovascular diseases, such as atherosclerosis.
1,2 To gain useful information from in vivo blood flow field measurements, noninvasive measurement through optically opaque tissue at high resolution is required.
Currently available techniques for flow field measurement in opaque vessels, such as magnetic resonance imaging based techniques, 3, 4 suffer from poor spatial and temporal resolution, limiting the application of these techniques for in vivo flow analysis.
Particle image velocimetry ͑PIV͒ is an established flow measurement technique, in which the displacement of tracer particles is determined using cross-correlation of regions within particle image pairs. 5, 6 Several variants exist for volumetric flow analysis, [7] [8] [9] which require reconstruction of the particle image in 3D space, followed by either 3D particle tracking or 3D cross-correlation within this volume. This requires each tracer particle to be discernable from all imaging angles, limiting the maximum particle seeding density, thus reducing spatial resolution. Also, PIV techniques are typically applied using visible light, necessitating an optically transparent sample.
X-rays allow high resolution imaging through opaque tissue, making this imaging mode ideal for in vivo measurement. X-ray phase contrast imaging ͑PCI͒ exploits the high coherence of third-generation synchrotron radiation, while the high flux from these sources permits rapid imaging. A large propagation distance between the sample and the detector allows the incident x-ray waves, which are slightly refracted at surface interfaces, to interfere at the detector plane, generating intensity fringes which result in edge enhancement. In this way, propagation based x-ray PCI provides the ability to differentiate soft tissue, and even red blood cells, a capability not available through typical absorption based x-ray imaging. [10] [11] [12] Several recent studies have combined PCI with PIV to yield planar 13, 14 or volumetric flow measurements. 11, 15, 16 X-ray PIV and particle tracking has also been performed using absorption contrast imaging with medical x-ray sources. 17, 18 The x-ray PIV techniques described in these studies use particle images taken at a single viewing angle, which contain no particle displacement information in the direction parallel to the x-ray beam, limiting x-ray PIV to two component velocity measurements. Also, no information regarding the velocity profile in the dimension perpendicular to the image plane is available, and therefore 3D measurements are not possible without prior knowledge of the flow. The use of multiple projection angles to overcome this limitation has been suggested, 12, 16, 19 however no implementation of this concept appears in the literature. The present letter describes an x-ray PIV technique which uses data obtained from multiple viewing angles for tomographic reconstruction of the 3D flow-field. The technique, computed tomographic x-ray velocimetry ͑CTXV͒, combines high resolution phasecontrast x-ray imaging with PIV and computed tomography ͑CT͒.
CT is a technique used to reconstruct an object in 3D space from two-dimensional projections. Typically, integrated object density in the projection direction is calculated from the x-ray attenuation, which will be proportional to the pixel intensity values on a digital projection image. The object structure is then reconstructed from projection images taken at different viewing angles, using Fourier backprojection or algebraic methods. 20 Variants also exist for reconstruction of objects from few projection angles, which use iterative methods to reconstruct the sample's structure, often exploiting prior knowledge of the sample, for example, that it is made up of a single material. 21, 22 We have previously demonstrated that the crosscorrelation functions calculated from x-ray particle image pairs represent a probability density function ͑PDF͒ of the 15, 23 In CTXV, information regarding the three-components of velocity in 3D space is obtained by imaging from multiple projection angles, and this is then used to tomographically reconstruct the velocity field directly, without the need to reconstruct a volumetric particle image.
Experiments were conducted at the SPring-8 Synchrotron, Hyogo, Japan, using the high resolution medical imaging beam-line ͑BL20XU͒. The source to sample distance of 245 m provides highly coherent x-rays for PCI. A Si-111 double crystal monochromator was used to provide a monochromatic beam energy of 25 KeV.
The sample used was an optically opaque plastic arterial model, with an average diameter of 950 m. The model was manufactured out of the Objet™ 3D-printing technology. The geometry was chosen to mimic a stenosed artery, generating a 3D flow field similar to that which would occur in vivo. Blood was pumped through the model at a flow-rate of 4.8 l / mn, using a syringe pump ͑WPI Inc. UMP2͒. While PCI has been successful in imaging red blood cells as tracer particles, 11, 14 to increase signal to noise ratio, the blood was seeded with gas microbubbles. As PCI creates high contrast at a gas-liquid interface, microbubbles represent an ideal flow tracing media for this imaging modality. The ultrasound contrast agent Definity ® ͑Bristol-Myers Squibb Medical Imaging Inc.͒ was used. When activated, Definity ® forms a stable, injectable, homogeneous suspension of perfluorocarbon-filled microbubbles, with a mean diameter of 2.5 m.
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The imaging setup is shown in Fig. 1 . X-rays project through the sample onto a scintillator, which converts x-ray radiation into visible light. The scintillator is imaged using a high-speed intensified complementary metal-oxide semiconductor detector ͑IDT Inc. X5i, 4 megapixel͒ through a microscope objective lens, resulting in a magnification of approximately 15ϫ, or an effective pixel size of 0.52 m. An optical mirror removes the detector from the x-ray beam path. A total scan time of less than 10 s was achieved through the use of a high-speed intensified camera, which allowed exposure times of 4.5 ms, and a frame rate of 200 Hz. The sample was rotated through nine projection angles, spaced over 180°, with 195 images taken at each angle. The sample to detector distance was optimized experimentally for phase contrast of the blood-Definity ® mixture, and an optimum of 900 mm was found to provide the best signal. X-ray phase contrast particle images require preprocessing prior to cross-correlation analysis. A spatial high-pass filter was applied to remove the effects of inhomogeneous illumination. Stationary structures such as the vessel walls, monochromator effects, and dust on the detector or associated optics, are removed by average image subtraction. A single-image phase-retrieval algorithm 25 is then implemented to remove phase contrast fringes and improve the images for cross-correlation analysis, as described by Irvine et al.
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Figure 2 outlines the reconstruction method used for CTXV. The particle images are discretised into rectangular interrogation windows and cross-correlation is performed on these windows. For this experiment the interrogation window size was 128ϫ 128 pixels with 75% overlap. The volume is reconstructed in axial cross-sections, defined by the rows of the interrogation windows. A rectangular grid model is used to define the cross-sectional flow profile. Velocity components in the x, y, and z directions, v x , v y , and v z , are defined at each node in the model. Bilinear interpolation is used between node points to define the velocity profile in the model space. A point on the model P͑x , y͒ will be projected onto the image plane as P͑q͒, where q = y cos͑͒ − x sin͑͒, for a given cross-section in z. Similarly, velocity components are transformed onto the image plane as v q = v y sin͑͒ − v x cos͑͒ and v r = v z , where v q and v r are the velocity com- ponents in the q and r directions, respectively. Crosscorrelation functions are estimated for each interrogation window measurement region by projecting the PDF from the flow model onto the image plane. This projected PDF is convolved with the particle image autocorrelation function to yield the estimated cross-correlation functions. The 3D velocity field reconstruction then becomes a minimization of the error between the cross-correlation functions estimated using the flow model, and those calculated from the x-ray image pairs, for all projection angles. The solution is implemented using the Levenberg-Marquardt algorithm, which performs a nonlinear least-squares optimization. Tikhonovtype regularization is utilized to improve convergence of the strongly over-specified system, where the regularization function equals the difference between each velocity parameter and the mean of its neighbors, summed over the reconstruction domain. Figure 3 shows the 3D velocity field of blood flow inside the optically opaque vessel model, measured using CTXV. Maximum velocity reduces as the vessel geometry expands, as predicted by the conservation of mass. The flow rates determined from the individually reconstructed crosssections of Fig. 3 are all within 2% of that independently measured by the syringe pump setting. The result demonstrates the ability of CTXV to measure all three components of velocity within a volume, with no optical access required.
The technique presented in this letter represents a significant advancement in x-ray velocimetry, providing the ability to measure 3D blood flow-fields inside opaque vessels. With recent developments in ultrafast synchrotron imaging 26 and x-ray PIV tracer particles, 27 the ability to image flows at physiological rates will allow application of this technique to in vivo measurement of blood flow. The short scan time required ͑less than 10 s͒ and high resolution measurement makes this technique an ideal tool for research into cardiovascular disease, with future applications for clinical diagnosis and treatment. FIG. 3 . ͑Color͒ Reconstructed blood velocity field, measured using CTXV. For clarity only half the sample is plotted, with reduced vector resolution in all dimensions. Vector colors represent velocity magnitude.
